. Cloning and Structure of nrx (A) Approximately 50 kb of cloned DNA from the nrx chromosomal region defined by four genomic phages are presented with the EcoRI restriction sites. The EcoRI site common to cDNA and genomic DNA is chosen as 0. The proximal molecular break point of Df(3L)vin 4 is indicated by an arrow. Southern analysis and genomic sequencing data indicate that nrx harbors at least four exons. (B) Schematic drawing of the domain structures and comparison of identities between Drosophila NRX, human Neurexin IV, and rat Neurexin Ia and IIIa. Only partial sequences from human Neurexin IV were available and were drawn where they align to NRX. The top row of numbers indicates percentages of identity, and the bottom row indicates percentages of similarity. Note that in NRX and human Neurexin IV, one laminin G domain (LG) and one EGF-like motif (E) are replaced by a DS domain.
mains with laminin G motifs and epidermal growth factor of Drosophila cDNA libraries and allowed isolation of (EGF) repeats and are expressed exclusively in the brain cDNAs that showed homology to vertebrate neurexins (Ushkaryov et al., 1992; Ushkaryov and Sü dhof, 1993) . (Brown and Kafatos, 1988) . The longest clone, a 5 kb Based on their structure and the finding that rat brain cDNA (cnrx 9), was mapped to 68F. In addition, genomic contains more than 1000 neurexin isoforms generated phage clones were isolated, permitting cloning and reby alternative splicing (Ullrich et al., 1995) , it has been striction mapping of more than 50 kb of genomic DNA proposed that neurexins could serve as cell surface ( Figure 1A ). Structural analyses revealed that the tranreceptors for synaptic targeting in specific subsets of scription unit spans 12 kb of genomic DNA and contains neurons.
at least 4 introns ( Figure 1A ). Interestingly, the role of neurexins may not be con-
The predicted translation product is a protein of 1283 fined to the nervous system. Recently, an intracellular amino acids (145 kDa) ( Figure 1B ). The initiation methioligand of neurexins, the CASK protein, was identified.
nine is followed by a secretory signal sequence. The CASK is expressed in neuronal and nonneuronal tissues primary structure of the protein also contains a domain (Hata et al., 1996) . This protein shares extensive homolcharacteristic of a transmembrane-spanning segment ogy with the SJ-associated protein DLG, the tight juncclose to the C-terminus, suggesting that the protein is tion-associated proteins ZO1 and ZO2, and the postsyna transmembrane protein with a large extracellular doaptic density protein PSD95/SAP90 (Woods and Bryant, main. As shown in Figure 1B , the protein shows a domain 1991; Cho et al., 1992; Itoh et al., 1993; Tsukita et al., structure like that of the vertebrate neurexins. The only 1993; Willott et al., 1993; Woods and Bryant, 1993a;  major difference is in the amino-terminal domain, where Jesaitis and Goodenough, 1994) . Taken together, these a laminin domain and an EGF-like repeat are replaced data suggest that the vertebrate neurexin family likely by a recently identified discoidin (DS) domain, thought includes additional members that may participate in a to represent a lectin-binding domain. The similarity to variety of cell-junctional complexes, including tight juncneurexins is highest in the EGF modules and lower in tions and synapses.
the laminin G domains. In addition, the intracellular doTo dissect the role of neurexins in vivo, we have initimain of NRX displays 68% similarity with the intracellular ated a mutational analysis of NRX in Drosophila. NRX domain of glycophorin C. is localized to pSJs of ectodermally derived epithelial A database search using the Drosophila nrx cDNA and glial cells and is a novel specific marker for these sequence showed a significant homology to human junctions. Through mutational analysis, electrophysiolcDNA sequences at 17q21 (Brody et al., 1995; Friedman ogy, and morphological studies, we demonstrate that et al., 1995) . The domain structure of the human gene NRX plays an essential role in SJ formation and function from 17q21 appears more similar than rat neurexins to in glia and epithelial cells. This study defines SJs as Drosophila nrx and contains an N-terminal DS domain essential cellular components required for embryonic ( Figure 1B ). The human neurexin is expressed in brain, development and blood-brain barrier formation and prokidney, and lung ( Figure 2C ). These data suggest that vides novel in vivo insights into the broad role that the this gene is a human homolog of the fly nrx and indicate neurexin family may play in the function of cellular juncthe existence of a fourth neurexin in vertebrates whose tions.
expression is not limited to the nervous system. with nrx cDNA probes indicates that the gene is tranexpression first detectable approximately 1 hr prior to their formation (Tepass and Hartenstein, 1994) . scribed only zygotically, with its peak of expression between 6 and 18 hr after egg lay (Figure 2A ). Therefore, To determine in which compartment NRX is localized, we carried out double-labeling experiments. In epiderwe reverse transcribed mRNA by polymerase chain reactions, applying a comprehensive set of primers. In all mis and hindgut, NRX is localized apicolaterally, adjacent to Crumbs, which delimits the zonula adherens cases, only a single band of the expected length was amplified ( Figure 2B ), suggesting that extensive alterna- (Grawe et al., 1996) . These two proteins are not coexpressed ( Figure 3E ), placing NRX apicolaterally. Double tive splicing does not occur in Drosophila nrx.
A polyclonal antiserum was raised against a C-termilabeling of salivary glands with anti-FAS (Woods and Bryant, 1993b ) and anti-NRX shows that both proteins nal peptide. Western analyses show a single band of 150-155 kDa, in close agreement with the predicted colocalize at salivary SJs (data not shown). Double labeling with anti-NRX and anti-D4.1/Coracle antisera demsize of 145 kDa ( Figure 2D ). This serum is specific to NRX, as no protein can be detected in Western blots of onstrates that NRX precisely colocalizes with this SJrestricted protein in all tissues tested except PNS and embryos that carry a deficiency removing the nrx gene (Df(3L) 1980) . Postembryonically, in third-instar larvae, staining can also be detected in areas where SJs have been epidermis, the tracheal system, pharynx, esophagus, proventriculus, hindgut, salivary glands, and cells of the reported: the subperineural sheath of the larval CNS (Lane et al., 1977) , imaginal disc cells (Locke, 1965) , and peripheral and central nervous system (P-CNS) ( Figure  3 ). Staining in the PNS is localized to the scolopales of salivary glands (data not shown). Thus, NRX is localized to all pSJs documented. the lateral chordotonal organs (Figures 3D and 5B) and is restricted to glial cells. Double-labeling experiments As SJs represent sites of intercellular contact, NRX might function as a cell adhesion molecule. Adhesion show that nrx-expressing cells in the CNS and along the peripheral nerves express glial-specific cell markers
properties of proteins can be tested in cell culture using S2 cell adhesion assays (Bieber, 1994) . Western blot but not neuronal markers. Two types of epithelia do not express NRX: amnioserosa and Malpighian tubules.
analysis of uninduced Drosophila S2 cell lines that do not show cell aggregation demonstrated that NRX is Interestingly, all tissues that express NRX in the embryo are characterized by the presence of pSJs, with NRX normally expressed in these cells. Therefore, NRX is not a homophilic cell adhesion molecule in this cell adhesion stainings of third-instar larvae reveal that imaginal disks express NRX at SJs (data not shown). Other alassay, and it does not cause aggregation in the presence of many proteins that have been expressed in S2 cells leles, nrx 4304, 4865, 4164, 4025, 46 , are strong hypomorphic alleles or null alleles, as they are embryonic lethal in trans to such as Gliotactin . Obviously, NRX may be a heterophilic cell adhesion molecule whose deficiencies and to each other. ligand remains to be identified.
Nervous System Function Is Impaired in nrx Mutations Mutations in nrx Cause Embryonic Lethality
To determine nrx function in vivo, we initiated a genetic
The most striking behavioral defect in nrx embryos is a severe reduction of coordinated muscle propagation analysis. Three chromosomal deficiences uncover 68F at least partially ( Figure 4A ). Southern analysis of waves. In addition, tracheae do not fill with air in mutants. The nrx 4304, 46 /Df(3L) BK9 embryos seemed to be the genomic DNA showed that the genomic Nrx-1 phage is uncovered by Df(3L) BK9 and Df(3L)vin 8 , placing nrx most severely affected, showing a complete absence of muscle-propagation waves. These movement defects at 68F3-6. To obtain nrx mutations, ru h st ry e flies were mutagenized with ethyl methanesulfonate, and leare similar to those observed in other mutants in which neurotransmitter release is abolished (Broadie et al., thal mutations that failed to complement Df(3L)vin 5 (68A2-3;69A1-3) were isolated. In addition, previously Schulze et al., 1995) . To determine how nrx mutations block neuromuscular isolated mutations mapping to this interval were mapped by complementation ( Figure 4A ). To demoncommunication, we systematically analyzed nervous sytem development and function in mutant embryos. strate that l(3)68Ff corresponds to nrx, the genomic insert of the Nrx-1 phage ( Figure 1A) 6a, 7c, 7h, 7e, 4a , and 7f) were ers, axons are seen to cross segmental boundaries in 10%-20% of mutant embryos (data not shown, see beobtained and analyzed for their ability to rescue nrx mutations. All transformant chromosomes fully rescued low). Hence, there is no absolute requirement for NRX in axonal pathfinding, but its absence results in a higher the embryonic lethality of all l(3)68Ff alleles in trans to Df(3L) BK9. These data demonstrate that mutations in propensity for neuronal connectivity defects. In addition, antibody stainings reveal that chordotonal scolopales complementation group l(3)68Ff are mutations in nrx.
No allele produces adult survivors in trans with acquire an abnormal rounded shape in nrx embryos (Figure 5Bc ), compared to the specific fusiform shape Df(3L) BK9 and Df(3L)vin 8 , and most alleles are embryonic lethal in trans with Df(3L)BK9 ( Figure 4B ). Hetin wild-type embryos (Figures 5Ba and 5Bb) . NRX is localized to the subcellular area where scolopale SJs eroallelic mutant adults (escapers) were occasionally obtained ( Figure 4B ). Adult escapers that carry transhethave been reported to form (Figure 5Ba ) (S. D. Carlson et al., submitted). These defects suggest that lack of erozygous combinations of nrx 14, 319, 575, 711, 2511 were obtained, suggesting that these mutations represent hypo-NRX affects the SJs between scolopale and cap cells, resulting in abnormal morphology of scolopales. morphic alleles ( Figure 4B ). Various structures are affected in nrx mutant escapers: eyes are rough, wings
Taken together, these morphological defects are unlikely to account for the severe behavioral defects that exhibit notching and vein broadening, and legs exhibit duplications and malformations. In addition, antibody we observe. Even if target recognition occurs properly, and neuromuscular contacts are established, differentishown in Figure 6C , wild-type NMJs exhibit robust periodic bursts of endogenous transmission. These bursts ation of the neuromuscular junction (NMJ) can still fail (Prokop et al., 1996) . Hence, we investigated the morof activity correlate with muscle contractions that permit first-instar larvae to hatch from the egg case (Broadie phology of NMJs using transmission electron microscopy (TEM). Normal neuromuscular synapses are charand Bate, 1993). In nrx mutant embryos (nrx 4304 /nrx 4304 and nrx 4304 /Df(3L)BK9), these bursts are reduced, sugacterized by presynaptic active zones, with a T-shaped density and clustered vesicles (Seecof et al., 1972) . Analgesting a suppression of endogenous activity in motoneurons. Interestingly, some muscle contractions are yses of nrx 46, 4025, 4304 mutant embryos did not reveal morphological synaptic defects ( Figure 6A ) and indicate that observed in nrx mutants upon dissection of embryos in low [K ϩ ] saline recording solutions (2 mM). These saline docking of synaptic vesicles at active zones is not affected in the synapses examined at this level of resosolutions are much lower in potassium concentration than hemolymph, which is approximately 40 mM K ϩ lution. We next carried out electrophysiological studies at . Therefore, we recorded in 40 mM extracellular K ϩ in mutant and wild-type embryos. As the embryonic NMJ. About 10% of the NMJs examined failed to respond to nerve stimulation ( Figure 6B ), indishown in Figure 5C , wild-type embryos still show robust excitatory junctional currents (EJCs) when muscles are cating that a fraction of synapses fail to form in nrx mutants, in agreement with the growth cone guidance voltage-clamped at Ϫ60 mV in 2 mM and 40 mM K ϩ . However, mutant embryos recorded at 40 mM K ϩ show defects observed in some mutant embryos. In the other 90% of NMJs examined, the mean amplitude of evoked a severe depression of spontaneous synaptic activity, compared to wild-type embryos. Figure 6B ). Iontophoresis of L-glutamate (the excitatory neurotransmitter) onto sent. A similar defect occurs in gliotactin mutant embryos in which the blood-nerve barrier is broken down. mutant NMJs resulted in essentially wild-type responses ( Figure 6B ), indicating that the postsynaptic receptor Thus, nrx mutant embryos exhibit a reduced ability to propagate action potentials in high [K ϩ ], similar to that field develops normally. Thus, NRX function appears to be required presynaptically to facilitate transmission. observed in gliotactin mutants . This conclusion is corroborated by the observation that comThe 40%-45% decrease in evoked response described above cannot account for the total paralysis plete paralysis of nrx mutant embryos is partially reverted when the embryos are dissected in 2 mM K ϩ . observed in the nrx mutant embryos, as mutants with <10% of wild-type neurotransmitter release still display Although it is unknown how changes in [K ϩ ] affect glial permeability, the ability of wild-type glia to support acsome muscle contractions (Littleton et al., 1993; Broadie et al., 1994) . Therefore, we surmised that other defects tion potential propagation at different [K ϩ ] argues against other contributing glial defects. Therefore, we must compound the reduction in evoked response. As This cleft is traversed by electron-opaque septa that are separated by 15 nm and form the typical ladder-like appearance of pSJs ( Figure 7A ). When sectioned nrx Mutations Disrupt the Formation of pSJs obliquely, the cleft of pSJs reveals a characteristic honTo test how SJs might be affected in nrx mutant emeycomb-like pattern formed by regular arrays of septae bryos, we analyzed nrx 4304 for expression of two proteins ( Figure 7B) . A further type of SJ, the sSJs, are located known to be localized to SJs in Drosophila: DLG and in the midgut and amnioserosa (Lane and Skaer, 1980 ; D4.1-Coracle. nrx mutant embryos were double labeled Tepass and Hartenstein, 1994) and are characterized by with anti-NRX and anti-DLG or anti-D4.1/Coracle. We evenly spaced electron-dense membranes, comparable observed no obvious defects in the localization of the to pSJs. In contrast to pSJs, sSJs rarely contain trans-DLG protein (data not shown). However, in nrx mutant verse septae, and their intercellular cleft is filled with an embryos, D4.1-Coracle is not restricted to SJs (compare unstructured electron-dense matter. Figures 5Ad and 5Ac) . These results suggest that the In nrx mutant embryos, sSJs appear unaffected. Howshort cytoplasmic portion of NRX that shows homology ever, in nrx embryos (nrx 4304, 4025, 46 /Df(3L)BK9), using five to glycophorin C is required to localize D4.1-Coracle to different fixation procedures, the typical ladder-like sepSJs, creating a parallel with red blood cell cytoskeletal tae of pSJs were absent in ectodermal cells and perineuanchoring proteins. coracle mutants have been shown ral glia-ensheathing peripheral axons (Figures 7D and to display a cell-migration defect affecting dorsal clo-7E). Apposing membranes in these tissues have a sure (Fehon et al., 1994) . Severe nrx alleles also cause smooth and electron-dense appearance, and unstruca defect in dorsal closure, resulting in a small dorsal tured cleft material is apparent. When sectioned obhole, consistent with abnormal function of D4.1-Coracle liquely, the honeycomb pattern imparted by the transin nrx embryos (data not shown). Hence, SJs may play verse septae is absent, and features of sSJs are seen a role in targeting cytoskeletal components and contrib-(compare Figures 7B and 7F) . Thus, pSJs in nrx mutant ute to intercellular communication and cell migration embryos lose their characteristic ladder-like septae that during dorsal closure. distinguish them from sSJs. These findings suggest that pSJs are impaired in the To investigate this phenotype in more detail, speciabsence of nrx. To test this hypothesis further, we invesmens were negatively stained by perfusion with colloidal tigated the ultrastructural morphology of pSJs in nrx lanthanum. Upon lanthanum treatment, obliquely secmutant embryos using TEM. In wild-type embryos, pSJs were identified in epidermis, trachea, perineurium, and tioned midgut sSJs in wild-type and nrx mutant embryos /nrx 4304 and nrx 4304 /Df embryos, two distinct classes are observed. The majority of synapses (>90%) show significantly decreased synaptic transmission but normal glutamate response, indicating a presynaptic transmission defect. A small number of synapses (<10%) show no synaptic transmission and a weak postsynaptic glutamate response, consistent with a failure in neuronal pathfinding or synaptogenesis. The reductions of evoked transmission are only enhanced 5% when homozygous nrx 4304, 46 embryos are compared to nrx 4304,46 /Df(3L)BK9 embryos, indicating that both alleles correspond to severe loss of function mutations. Embryos that lack nrx (Df(3L)BK9/Df(3L)BK9) showed similar defects. (C) Endogenous synaptic transmission at the mature embryonic NMJ occurs as bursts of EJCs underlying the periodic body-muscle contractions during locomotion. In wild-type embryos, robust EJC bursts are recorded at 2 mM external K ϩ (standard recording condition) and 40 mM external K ϩ (estimated physiological K ϩ level). In nrx 4304 /nrx 4304 and nrx 4304 /Df embryos, EJC bursts are recorded at 2 mM external K ϩ , though the amplitude and frequency of EJCs are significantly decreased. However, at physiological K ϩ concentrations (40 mM), EJC bursts are eliminated, and the residual transmission is present as a low frequency of largely unpatterned EJCs. This K ϩ -dependent transmission defect is consistent with a glial function for NRX and explains the paralytic phenotype.
showed no obvious defects (data not shown). In addi-(compare Figures 7C and 7G ). These septae are specific to pSJs and are thinner and more regularly arranged tion, pSJs in nrx mutant embryos showed some normal features, such as rows of ring-shaped structures, comthan those in sSJs (Lane and Skaer, 1980) . Thus, positive-and negative-stained transmission micrographs remon to all pSJs and sSJs (data not shown). However, in contrast to sSJs, pSJs in nrx mutant embryos are veal pSJs, but not sSJs, to be affected in nrx mutant embryos. The affected pSJs retain some characteristics clearly affected, with the regularly spaced septae absent in most ectodermal tissues of 11 analyzed specimens of SJs but lack the regularly arranged septae, the princi- ple feature distinguishing pSJs from sSJs. These results Carlson, 1992) . The phenotype of nrx mutants indicates that the septae of pSJs are required to form the bloodshow that NRX is an integral component of pSJs and is either part of the transverse septae or required for their brain-nerve barrier in vivo, providing further evidence that tight junctions in vertebrates and SJs in insects are formation.
functionally similar (Willott et al., 1993) . At the electrophysiological level, the blood-nerve barrier defect is Discussion similar to that observed in embryos mutant for gliotactin, a gene expressed in glial cells and required to insulate NRX Is a Novel Marker for pSJs motoneurons . Gliotactin shows 29% We have isolated a new member of the neurexin family, identity and 50% similarity to vertebrate neuroligin-I, neurexin IV. NRX has the conserved modular arrangewhich has been shown to be the ligand of certain vertement of the domains of neurexins I-III (Ushkaryov et brate neurexins (Ichtchenko et al., 1995) . However, given al., 1992; Ushkaryov and Sudhof, 1993) but exhibits a the failure of S2 cells, which express Gliotactin and NRX different amino-terminal domain, in which a DS domain to aggregate, it remains to be determined if these two replaces a laminin G domain and an EGF-like repeat.
proteins interact directly in Drosophila. The DS domain was originally found in the discoidin Two other defects were also revealed in the electroproteins of Dictyostelium and appears to bind carbohyphysiological studies: a decrease in evoked neurotransdrates (Ito et al., 1994) . The overall domain structure of mitter release, compared to wild-type embryos, and ocDrosophila NRX appears to be conserved in vertebrates, casional failure to form synapses. The first defect could and a homologous human gene is expressed in neuronal be due to a docking defect of synaptic vesicles or to a and nonneuronal embryonic tissues, unlike other vertereduced activation of vesicle fusion upon Ca 2ϩ influx. brate neurexins.
However, Drosophila NRX does not localize to syn-NRX is localized to pSJs and is the first marker to apses, and we therefore surmise that this defect is likely identify these junctions specifically at all stages and in secondary to glial dysfunction. Second, <10% of the all cells documented to contain pSJs. Multiple lines of synapses fail to form, suggesting defects in neuronal evidence suggest that NRX is essential for pSJ formation pathfinding or synapse formation. Glial cells have been and function. First, NRX is expressed in all tissues known implicated in growth cone guidance, and the misrouting to have pSJs and appears about 1 hr prior to their apdefects observed in nrx mutant embryos strengthen this pearance. NRX is not expressed in tissues devoid of hypothesis. Finally, the defects observed in the scolopapSJs, where zonula adherens or sSJs have been docules of chordotonal neurons and localization of NRX to mented. Second, the protein is localized to peripheral SJs of cap and sheath cells surrounding the scolopales and subperineural glial junctions, which are known to suggest that this recently described peripheral bloodcontain pSJs and have been proposed to form the Dronerve barrier (S. D. Carlson et al., submitted) is also sophila blood-nerve-brain barrier. Third, the protein disrupted in nrx mutants. does not colocalize with Crumbs, an apical marker that A second major function of SJs is to provide a medelimits the zonula adherens (Wodarz et al., 1995) . chanical link between cells, being in part responsible Fourth, NRX colocalizes with Fasciclin III, an SJ marker for the densely packed arrangement of epithelial in salivary glands, and D4.1-Coracle, which labels all sheaths. This function is obviously affected in dlg muknown pSJs except those of the nervous system. Fifth, tants, causing a breakdown of epithelial sheaths and mutants that lack NRX are paralyzed due to a breakdown subsequent overgrowth (Woods and Bryant, 1991) . In of the blood-nerve barrier, indicating a functional defect contrast, tissues remain intact, and DLG still localizes in SJs. Sixth, loss-of-function nrx alleles cause a misloto sites of membrane contact in nrx mutant embryos. calization of D4.1-Coracle in tissues where they are Our TEM analysis demonstrates that nrx mutations do coexpressed, and nrx mutants show a similar phenonot affect characteristics of SJs that are shared by pSJs type to loss of function coracle alleles. Finally, TEM and sSJs, such as the evenly spaced extracellular cleft analysis demonstrates that the typical ladder-like septa and the electron-dense appearance of the membranes. that define pSJs are absent in nrx mutants.
Therefore, it is unlikely that NRX functions in the adhesive properties required to connect the two apposing nrx Mutant Embryos Reveal Novel Functions for SJs membranes, consistent with the lack of aggregation in Based on our observations, we can begin to describe S2 cells expressing NRX. Instead, NRX is likely to form specific functions that pSJs are likely to play during or anchor the ladder-like septae characteristic of pSJs. development. First, pSJs are found in ectodermal epiFinally, pSJs have been suggested to be involved in thelia that are in contact with the environment and in cell signaling. The data suggest a role for neurexins in glia that ensheath the nervous system. It is likely that addition to barrier formation. The requirement of NRX these cells protect the embryo and the nervous system for proper localization of the Drosophila homolog of by serving as a selective-diffusion barrier. In vertebrates, protein 4.1, Coracle, an SJ-associated protein, shows tight junctions have been proposed to serve this role.
that NRX forms a link between the extracellular environHowever, such junctions are virtually absent in insects, ment and intracellular components of SJs. This link has and it has been proposed that pSJs might serve this important functional implications, as it affects dorsal barrier function instead. Each SJ may confer partial imclosure and cell migration late in embryonic developpermeability, so that together they form a barrier that ment. It is interesting to note that human dlg protein protects neurons from high potassium concentration binds to protein 4.1 , and that glycophorin C, protein 4.1, and p55, a guanylate kinase domain in the hemolymph of insects (Hoyle, 1952; Juang and 
